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Abstract
This paper describes passive seismic monitoring at the large-scale CO2 injection site, Cranfield oilfield, Mississippi, 
U.S.A. We constructed a horizontal near-surface monitoring network and have been monitoring for more than two 
years to elucidate relationship between large-volume CO2 injection and occurrences of induced seismicities. We
have detected no microseismic events that occurred in and around the Cranfield site for now. The detected signals 
were all identified as cultural noises, natural noises due to weather changes, and distant earthquakes. We also 
estimated minimum detectable magnitudes of the monitoring network by theoretical calculations and confirmed that 
the system could enough ability to detect microseismic events.
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1. Introduction
Increase number of injection induced seismicity has been raised public concern in the recent years. These felt 
earthquakes with usually magnitudes M >3 are induced by fluid injection associated with oil and gas production and 
reported in the central and eastern United States, where regionalseismicity is not active [1].
Carbon dioxide capture and storage (CCS) is a key potential technology for reducing greenhouse gas emission. 
Supercritical state CO2 is injected to porous sandstone or dolomite reservoir. Due to long-term and large-amount of 
injection under high pressure, it is controversial that CCS might trigger felt earthquakes like other fluid injection
activity [2], [3]. Therefore, assurance of safe operation against injection induced seismicity is one of the most 
critical issues for CCS operators.
Passive microseismic monitoring is a direct measurement technique to observe geological responses, and the 
technique, mainly developed from the oil and gas production industries, has been applied at CCS sites to ensure the 
storage security. Reported microseismic events clearly related to CO2 injection were all unfelt [3], and most of the 
events were with negative magnitudes [4]. Even though CO2 injection induces only small magnitude of unfelt 
events, importance of passive microseismic monitoring at the injection site is being recognized.
Cranfield oilfield, located in the southeast part of the United States, is a large scale CO2 - enhanced oil recovery
(EOR) site, where more than one million metric tonnes of CO2 is annually stored at the sandstone reservoir. At the 
site, we constructed a near-surface monitoring network and conducted microseismic monitoring to elucidate 
relationship between large scale CO2 injection and induced microseismicity. In this study, two years of microseismic 
monitoring at Cranfield is reported.
2. Cranfield oilfield
We selected Cranfield oilfield as a monitoring field. For site selection, it was important to select a site where large 
volumes of CO2 are being injected, where abundant data about the reservoir and overburden are available, and 
where the site operator was willing to host. The Cranfield oilfield met all of these requirements. The Cranfield 
oilfield is located in a rural area of southwestern Mississippi near the Louisiana border shown with the red circle 
symbol (Fig. 1a). Natural CO2 is supplied from Jackson dome which is about 100km northeast of the site, and 
transferred by pipeline. CO2 -EOR floods started in 2008, and more than four million metric tonnes of CO2 have 
been stored as of the beginning of 2013 [5]. The oilfield holds an area of about with 3 km radius. The field 
development area is spreading in a clockwise from north part of the field around (1) 44-6 station (Fig. 1(b)), and the 
number of CO2 injection and production wells is also increasing. The development front reached south part of the 
field around (6)68-3 station as of January, 2014 holding about 30 CO2 active injection wells and about 30 active 
production wells. 
Injection zone is the lower Tuscaloosa formation in a broad four-way structural closure at a depth greater than 
3,000m with porosity and permeability of 20 ~ 30% and 10 ~ 200 mD, respectively. Dark marine mudstone 
overlying the injection zone performs as a confining layer [6]. Regional natural seismicity is quite low. If any
suspicious seismic events are recorded, signals will be easily distinguished from those of natural earthquakes.
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Fig. 1. (a) Location of the Cranfield site; (b) Map of the monitoring network. Six near-surface stations were deployed in a 3km radius area to 
cover the entire area of the Cranfield site.
3. Passive microseismic monitoring
We constructed a near-surface microseismic monitoring network which consists of six seismometers deployed in 
a 3km radius to cover the entire area of the field (Fig. 1(b)). Three components of 1Hz servo-type velocity 
seismometers with the frequency range of 0.018 ~ 80Hz were installed at the depth of 90 m to suppress the noises.
This type of servo-type velocity seismometers can measure small to large seismic events because of the wide 
frequency and wide amplitude range. In Japan, this type of the sensor is used for earthquake observation network 
such as F-net in Japan [8]. Signals are measured continuously up to 5 cm/s with 24 bit A/D resolution at the 
sampling frequency of 200 Hz. We started microseismic monitoring on December 15, 2011 and it has been 
monitored more than two years as of January, 2014.
The average noise levels for all three components range from 10-4 to 2*10-4 cm/s at each site. The frequency 
characteristic has two apparent peaks. The lower peak ranging from 0.1 to 0.2 Hz is the microseisms, and the higher 
ranging from 5 to 6 Hz is due to the characteristic beneath the site. Microseismic events supposed to have higher 
frequencies; therefore we decided to apply Butterworth highpass filter at the cutoff frequency of 2Hz to eliminate 
the microseisms. The average noise levels decreased to 10% ranging from 10-5 to 2.0*10-5 cm/s compared to those 
of original waveforms.
4. Data processing
4.1. Extraction of candidate microseismic events
Signal processing was performed to extract microseismic events. We assumed that microseismic events related to 
CO2 injection had similar appearances and properties to natural tectonic earthquakes. Therefore, we put following 
three criteria to extract microseismic events. First, the signals are detected at several stations if the microseismic
events occur at the site. Second, P-wave arrival times are almost the same at each station. Arrival time differences 
are at most two seconds based on geometry of the site. Third, microseismic events have clear P- and S- wave 
arrivals. Then, vertical components of data were examined to extract candidate microseismic signals by semi-
automated method. If the absolute values of velocity amplitude exceed threshold determined by more than 10 times 
of average noise levels almost at the same time at four or more than four out of six stations, we regarded signals 
were triggered. After that, natural distant earthquakes and noises due to the weather changes were eliminated from 
the candidate signals manually by referring the earthquake catalogues opened by U.S. Geological Survey (USGS) 
and weather data opened by Weather Underground. Then the candidate signals were examined if the signals had 
(4)DAS31
(5)45F2&F3
(6)68-3
(1)44-6
(2)24-3 (3)EGL#7
Cranfield100 km
(a) (b)
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both clear P- and S-wave arrivals.
At the beginning of the data processing, we also decided to examine data by visual judgments until sufficient 
number of microseismic events related to CO2 injection was detected. The initial semi-automated processing method 
was going to be modified based on characteristics of detected microseismic events. Candidate microseismic events 
were extracted using filtered Z-components of data. If the velocity amplitudes are apparent at four or more than four 
stations almost at the same time, we regarded the signals were triggered. Then earthquakes and noises due to 
weather changes are eliminated in the same manner as the signal processing. The reminded candidate signals were 
checked if the clear P- and S- wave arrivals were seen using three components of the data.
4.2. Results
As a result of data processing, no microseismic events were detected at the Cranfield site from two years of 
monitoring data. The triggered signals were all identified as background noises, cultural noises such as constructions,
and noises due to the weather changes such as precipitation, lighting strikes, strong winds, and a total of 253 natural 
distant earthquakes (Mw 2.5 to 8.6) that occurred at least more than 300 km away from the Cranfield site. Fig. 2
indicates three components of waveforms that occurred in Eastern Texas on May 10th, 2012 with Mw 3.9 at the 
distance of about 300 km. Clear P- and S-wave arrivals are recognized at around 90s for Z-component and 120s for 
X and Y components, respectively.
Fig. 3 indicates Z-components of waveforms at each station (the data at 24-3station was not available due to the 
technical problem). Recorded signals are identified as noises due to the lighting strikes that occurred around the site. 
Even though the peaks are seen at each station, arrival times and velocity amplitudes are different. For the noises 
due to weather changes, peaks are recognized frequently in a short period of time.
We examined all the recorded data by visual judgments consequently, and we did not find any microseismic events,
either. This result is in a good agreement with the semi-automated data processing.
Fig. 2 Three components of waveforms that occurred at Eastern Texas with magnitude of Mw 3.9 at the Epicentral distance of about 300 km on 
May 10, 2012.
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Fig 3 Z-component of waveforms recorded at five stations. These peak amplitudes are noises due to lighting strikes.
Fig. 4 indicates the magnitude and distance relation of natural earthquakes that occurred within 1,000 km at the 
Cranfield site. Grey circle symbols are a total of 2079 earthquakes reported by USGS, and the red diamond symbols 
are 15 detected earthquakes by the Cranfield monitoring network. The estimated limits of detectable magnitude and 
distance are shown in blue solid lines. Two lines indicate the possible detection limits. During the day time, the 
noise levels get higher due to cultural noises, the detectable limits move to the right side, whereas during the night-
time, the detectable limits move to the left side.
Fig. 4 Relation of moment magnitudes Mw and Epicentral distances from the Cranfield site [km]. Grey circle symbols (n=2079) are the natural 
earthquakes reported by USGS, and red diamond symbols are recorded earthquakes (n=15) at the Cranfield site. Blue solid lines indicate the 
detectable limits of magnitudes and Epicentral distances.
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5. Estimation of detectable minimum magnitudes at the Cranfield
To obtain the detectability of the monitoring network, we estimated minimum detectable magnitudes of our 
microseismic monitoring system by waveform synthesis calculations based on discrete wavenumber integration 
method [9], [10]. Maximum velocity amplitudes of synthesized waveforms at given magnitudes were compared to 
average noise levels at the site. Waveforms were synthesized with source and transfer properties considering one 
dimensional geological property model that includes attenuation factors QP and Qs, density, P- and S-wave velocities 
beneath the site. This model was constructed based on logging data obtained at the site. The rupture fault was 
assumed as a point source because of the small magnitudes. The fault mechanism was assumed as normal fault 
considering the stress field around Cranfield site. The average noise level was settled on 20*10-5 cm/s, equivalent to 
the upper limit of noise levels for the filtered waveforms.
As the result of the calculation, the minimum detectable magnitudes were estimated for the horizontal and vertical 
components, Mw 0. 4 and 0.7, respectively at the hypocentral distance of 3.2 km (Fig. 5). For the horizontal 
components, root mean square values of max velocity amplitudes were used. 
The upper frequency range of 80 Hz corresponds to between Mw 0 and Mw 1 concerning the scaling law between 
corner frequency and moment magnitude Mw [10]. The hypocentral distance and magnitude relation [11] also 
indicates that around Mw0 would be the minimum detectable magnitude at the hypocentral distance of about 3km. 
Therefore, it seems that the obtained results give reasonable value for the minimum detectable magnitudes.
Fig.5 Results of theoretical calculations to estimate minimum detectable magnitudes. (a) Horizontal component (b) Vertical component. The 
estimated minimum detectable magnitudes are Mw0.4 and 0.7 for horizontal and vertical components, respectively. 
6. Conclusions
In this paper, we presented microseismic monitoring at the large scale CO2 injection site, Cranfield oilfield, 
Mississippi, U.S.A. We constructed a near-surface microseismic monitoring network and have been monitoring to
elucidate the relationship between large scale CO2 injection and occurrences of induced seismic events. For the first 
two years of monitoring, we have obtained following two points.
 We detected no seismic events at the Cranfield site through the entire period of two years. Detected signals 
were identified as background noises, cultural noises, noises due to weather changes, and natural distant 
earthquakes. The smallest distant earthquake was magnitude Mw 2.5 with the Epicentral distance of 300km.
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 Theoretical study showed that the estimated minimum detectable magnitudes were Mw 0.4 for horizontal and 
0.7 for vertical components at the horizontal distance of 1km (hypocentral distance of 3.2 km).
We did not detect any seismic events induced by CO2 injection in and around the Cranfield site for two years, 
where more than one million tonnes of CO2 is annually injected. It seems that the stress at the injection zone did not 
build up enough to trigger microseismic events because of high porosity and high permeability. Seismic monitoring 
at the Cranfield site will be conducted until December, 2014. At the end of the monitoring, re-analysis of all the data 
will be performed concerning knowledge obtained during the entire monitoring period.
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